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We report selective epitaxial growth of Si using an ultrathin bilayer mask. The key feature of this
process is direct writing of nanoscale patterns by means of local anodic oxidation of a Si3N4 layer
using an atomic force microscope operated in air. Windows for selective growth are defined by wet
etching of the locally oxidized regions. High growth selectivity upon chemical vapor deposition of
Si is accomplished by employing the bilayer mask structure which is formed by oxidizing the Si3N4
surface and then selectively desorbing SiO2 in the windows. High-quality homoepitaxial growth is
verified by transmission electron microscopy. We also report a simple plasma-treatment technique
which solves the problem of retarded SiO2 desorption in the nanoscale windows. © 2000 American
Institute of Physics. @S0003-6951~00!00950-5#There has been rapidly increasing interest in nanometer-
scale microstructures and their functions. For microelec-
tronic and optoelectronic applications, many devices that in-
clude nanostructures have been proposed and demonstrated.
Common difficulty in fabricating such devices is to form the
nanostructures under a tight control of their positions and
dimensions. Patterning by scanning-probe lithography is a
promising technique to achieve the positional and dimen-
sional control at the atomic or nanometer scale.1–3 Recent
demonstration of parallel operation of a scanning-probe array
indicates that this lithography will hopefully overcome its
present shortcoming of slow patterning rate.4
Among the scanning-probe techniques reported so far,
local anodic oxidation using a conductive-probe atomic force
microscope ~AFM! is particularly suited for practical
application,1,3,5–9 because it can be performed in air. The
lateral feature size of the oxidized regions is typically in the
range from 10 to 100 nm, and it can be as small as several
nanometers if a single-wall carbon nanotube is used as the
probe.7
One of the authors ~S. G.! recently reported that the
AFM-induced anodic-oxidation locally converts an ultrathin
Si3N4 film to SiOx at an initial oxidation rate as high as 10
mm/s.9 This phenomenon was utilized to pattern an Si3N4
mask layer, and an ordered pits of high areal density was
fabricated by anisotropic wet etching ~a subtractive process!.
In this letter, we report selective-area epitaxial growth of Si
~an additive process! using the patterns defined by the AFM-
induced oxidation of Si3N4. Past studies on selective-growth
processes for semiconductors and metals commonly use
SiO2 or Si3N4 as the mask material.10 As far as chemical
vapor deposition ~CVD! of Si is concerned, SiO2 is a better
mask material than Si3N4 because of the superior growth-
suppression effect of the former.11,12 Here we propose an
SiO2 /Si3N4 bilayer-mask process which takes advantage of
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suppression effect of the SiO2 surface, and the fast anodic
oxidation of Si3N4 for pattern writing.
Figure 1 shows the procedures for the mask preparation
and selective CVD. Preparation of the bilayer mask started
with formation of a Si3N4 layer of approximately 3 nm on a
p-type Si~001! substrate @step ~i!#. The Si3N4 film deposition
was carried out by a low-pressure CVD method at 1053 K
using a mixture of SiCl2H2 and NH3 . The Si3N4 layer was
densified by a rapid thermal anneal ~RTA! in a N2 gas at
1273 K for 10 s. Next, patterns were defined directly on the
Si3N4 layer utilizing anodic oxidation by a contact-mode
AFM apparatus in which a PtIr-coated probe made of highly
doped n1-Si was set @step ~ii!#.9 Dot patterns were produced
by applying a sample bias voltage of 19 V for 40 ms for
each dot. Large square-shaped patterns ~10 mm 3 10 mm!,
which were formed for the sake of Auger analyses of the
sample surface, were defined by scanning the probe at a rate
of typically 0.04 mm/s at the same sample bias. This pattern-
ing step was carried out in air at the relative humidity of
;50%. The locally oxidized regions were selectively etched
by immersing the sample in a HF solution ~1:50 dilution! for
60 s, which exposed H-terminated Si in the patterned win-
FIG. 1. Procedures for preparation of a SiO2 /Si3N4 bilayer mask and selec-
tive epitaxial growth of Si.7 © 2000 American Institute of Physics
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downdows @step ~iii!#.9 This etching process reduced the thickness
of the Si3N4 layer by ;0.8 nm ~measured etching rate of
Si3N4;0.014 nm/s!.
The sample was then introduced to an ultrahigh vacuum
~UHV! CVD system which includes a micro-Auger appara-
tus, a loadlock with a radio frequency ~rf!-plasma electrode,
and an UHV–RTA chamber.13 The loaded sample was first
oxidized at room temperature by an exposure to an O2
plasma ~He balance, 5%! for 15 s @step ~iv!#.12 This process
converts the Si3N4 surface to SiO2,14 and at the same time
the H-terminated Si surface in the windows is also oxidized
to a thickness of 0.5 nm.11 It is essential to use plasma-
excited O2 here, since Si3N4 is hardly oxidized by the ther-
mal method.
Preparation of the SiO2 /Si3N4 bilayer mask was com-
pleted by selective thermal desorption of the plasma oxide in
the window area @step ~v!#. A thin layer of SiO2 on Si is
known to desorb at temperatures above ;1100 K forming
volatile SiO molecules (Si1SiO252 SiO!.15 The SiO2 layer
on Si3N4, on the other hand, does not desorb and is stable at
even higher temperatures, because no elemental Si is avail-
able to form SiO.12 For this step, the sample was degassed at
873 K, pretreated by a H2 plasma at room temperature for
300 s, and finally heated to ;1300 K for 120 s in the UHV–
RTA chamber. The reason for inserting the H2 plasma pre-
treatment will be described later in this letter. Pressure of H2
was set at 40 Pa and a rf plasma was generated at a relatively
low power density of 25 mW/cm2.
Figure 2 shows Auger spectra measured on the mask
surface @plot ~a!# and in the Si window @plot ~b!# after steps
~iii!, ~iv!, ~v!, and ~vi! of Fig. 1. Si LVV , N KLL , and O
KLL signatures shown in Fig. 2~a! were obtained under the
standard broadbeam conditions, while Fig. 2~b! shows only
the Si LVV spectra measured in the micro-Auger mode for
the large window of 10 mm 3 10 mm. After the HF etch
@step ~iii!#, the mask surface shows a Si LVV signature with
a main peak at 84 eV which is characteristic of Si3N4.12,16
The Auger spectrum for the window area shows a sharp peak
of elemental Si at 92 eV,16 verifying the HF etching exposes
FIG. 2. Changes of the Auger spectra for ~a! the mask surface and ~b! the Si
window as the sample undergoes from steps ~iii!–~vi! in Fig. 1. The spectra
in ~a! were obtained using a 3 keV electron gun installed in the cylindrical
mirror analyzer ~CMA!. For the spectra in ~b!, a 15 keV electron beam
generated by an UHV–SEM column was used to identify and probe the
window area. Probe-beam current was 1 mA and 60 nA for ~a! and ~b!,
respectively. The spectra in ~b! were acquired in a short scan time to avoid
damaging of the probed area by the electron beam. The CMA axis was set at
0° and 45° off the surface normal for ~a! and ~b!, respectively.loaded 08 Oct 2010 to 140.114.72.127. Redistribution subject to AIP lia Si surface. Plasma oxidation @step ~iv!# not only gives rise
to the O KLL peak, but also shifts the Si LVV peak in Fig.
2~a! to a lower energy by ;1 eV which is due to contribu-
tion of the SiO2 signatures at 76 eV.16 In Fig. 2~b!, the SiO2
signatures are clearly seen at this step. From their relative
intensity with respect to the 92 eV peak, we estimate the
SiO2 thickness as ;0.5 nm.11 Upon the UHV–RTA process
@step ~v!#, the SiO2 layer in the window area was desorbed as
judged from the recovery of the line shape characteristic of
elemental Si in Fig. 2~b!. The UHV–RTA step hardly
changed the Si LVV , N KLL , and O KLL signatures in Fig.
2~a!. These Auger data prove that the surfaces of the mask
and the window area undergo the compositional changes as
we intend.
Using the SiO2 /Si3N4 bilayer mask prepared through the
processes described earlier, selective-area epitaxial growth of
Si was performed in the so-called UHV–CVD mode @step
~vi! of Fig. 1#.17,18 Sample temperature was raised to 853 K,
and the pressure of the Si2H6 source gas was set at 0.011 Pa.
Growth time was typically 250 s. The Auger spectrum for
the mask surface showed no detectable change upon Si CVD
@step ~vi! of Fig. 2~a!#, which means that the oxidized Si3N4
surface effectively suppresses Si growth on itself. When we
had performed a separate CVD experiment on an Si3N4 layer
~i.e., no plasma oxidation!, a high density of Si nuclei
(;1011 cm22! had been formed. Thus the plasma oxidation
is indispensable to ensure sufficient growth selectivity in Si
CVD using the Si2H6 gas.
Figure 3 shows a tapping-mode AFM image of an array
of selectively grown Si dots. Si growth is observed in all the
windows, while Si nucleation on the mask surface is suffi-
ciently suppressed. Height of the dots are 20 nm. By defining
the line-and-space patterns by scanning the AFM probe, for-
mation of line structures of 150 nm in width was also pos-
sible. We expect that the lateral resolution can be improved
by a use of sharper probes such as the carbon nanotube.7
Cross-section transmission electron micrographs ~TEM!
for one of the Si dots are shown in Fig. 4. This image was
taken for the same sample that was observed by AFM in
FIG. 3. A tapping-mode AFM image of the selectively grown Si dots ~scan
area: 5 mm 3 5 mm!. Height of the dots is approximately 20 nm. The H2
plasma treatment was performed prior to selective thermal desorption of
SiO2 .cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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DownFig. 3. The specimen for TEM observation was fabricated by
employing a focused ion beam. Figure 4~a! shows the whole
view of the cross section. The lateral size of the window
measures 90 nm, and that of the Si dot is approximately 115
nm due to lateral overgrowth of Si on the mask surface.
These dimensions, together with the dot height of 20 nm,
agree with the AFM results of Fig. 3. The top surface ap-
pears flat and the edge ~i.e., the lateral-overgrowth part!
shows signs of faceting. In the left-hand side of the image, an
ellipse-shaped part of white contrast is seen at the dot/
substrate interface, which we ascribe to a residue of the mask
or plasma oxide layer. Shown in Fig. 4~b! is a magnified
image of the interface region indicated by a rectangle in Fig.
4~a!. The lattice image is perfectly continuous from the sub-
strate to the selectively grown structure, which proves that Si
growth is indeed epitaxial. No crystallographic defect is de-
tected for the entire dot structure.
Now we explain the reason why it was necessary to
carry out the H2 plasma treatment prior to the thermal de-
sorption. In our initial experiments, the samples that received
the plasma oxidation were directly subjected to the UHV–
RTA step without any pretreatment. Selective growth was
possible using the bilayer mask prepared by this procedure,
however, Si growth was absent in many windows. The cause
for this problem is probably that the thermal desorption of
SiO2 is retarded in nanoscale windows. As is widely known,
desorption of an SiO2 layer on Si is initiated by formation of
microscopic voids. Evaporation of SiO enlarges the voids
and eventually exposes the clean Si surface.15,19 As the win-
dow size shrinks, the probability for a window to have a void
nucleation in itself decreases, which should impede desorp-
tion of SiO2 .
FIG. 4. Cross-section TEM for one of the selectively grown Si dots: ~a! the
whole view, and ~b! a lattice image of the interface region indicated by a
rectangle in ~a!.loaded 08 Oct 2010 to 140.114.72.127. Redistribution subject to AIP liAmong the possible solutions to this problem is inten-
tional introduction of defects or weak spots in SiO2 to en-
hance the void nucleation. An exposure to H2 plasma is a
practical way to generate defects in the SiO2 network and/or
at the SiO2–Si interface.20 In Fig. 3 for which the sample
was pretreated by H2 plasma, the growth-missing windows
have been completely eliminated, therefore this plasma treat-
ment is indeed effective to assist thermal desorption of SiO2 .
In summary, we have developed a new technique for
nanoscale selective-area epitaxial growth of Si. The bilayer-
mask process takes advantage of fast anodic oxidation of
Si3N4 as well as good growth selectivity of the SiO2 surface
in Si CVD. Demonstrated high-quality epitaxial growth of Si
suggests the possibility for this technique to be applied to
heteroepitaxial growth of various materials on Si with mini-
mal junction area.21
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